A DNA fragment containing the photolyase gene was cloned from Halobacterium halobium. The deduced amino acid sequence is highly similar to those of four known photolyases from eubacteria and a eucaryote. The cloned gene expressed in Escherichia coli cells increased the survival of UV-irradiated host cells by photoreactivation. These results indicate that photolyases of eucaryotes, eubacteria, and archaebacteria are derived from a common origin. In this cloned DNA fragment, two additional open reading frames (ORFs), ORF 151 and ORF 200, were found in the 5' and 3' adjacent flanking regions of the photolyase gene. ORF 200 shows unequivocal amino acid sequence homology to all known manganese and iron superoxide dismutases. Northern (RNA) hybridization analysis of H. halobium RNA revealed the existence of three transcripts, one of which covered all three ORFs, indicating that photolyase and superoxide dismutase are partly cotranscribed in this bacterium.
A DNA fragment containing the photolyase gene was cloned from Halobacterium halobium. The deduced amino acid sequence is highly similar to those of four known photolyases from eubacteria and a eucaryote. The cloned gene expressed in Escherichia coli cells increased the survival of UV-irradiated host cells by photoreactivation. These results indicate that photolyases of eucaryotes, eubacteria, and archaebacteria are derived from a common origin. In this cloned DNA fragment, two additional open reading frames (ORFs), ORF 151 and ORF 200, were found in the 5' and 3' adjacent flanking regions of the photolyase gene. ORF 200 shows unequivocal amino acid sequence homology to all known manganese and iron superoxide dismutases. Northern (RNA) hybridization analysis of H. halobium RNA revealed the existence of three transcripts, one of which covered all three ORFs, indicating that photolyase and superoxide dismutase are partly cotranscribed in this bacterium.
Photoreactivation repair (PHR) is a DNA repair mechanism in which photolyase (EC 4.1.99.3) monomerizes UVinduced pyrimidine dimers by utilizing near-UV or visiblelight energy. All photolyases analyzed to date contain a reduced flavin adenine dinucleotide and a second cofactor which determines the optimal wavelength of the absorption and action spectra of the enzymes. Photolyases from Escherichia coli and Saccharomyces cerevisiae contain a folate derivative as the second cofactor (folate-type photolyases) and show maximum activity at about 380 nm (16) , while photolyases from Anacystis nidulans (A. P. M. Eker and A. Yasui, manuscript in preparation), Streptomyces griseus (8) , and Scenedesmus actus (9) contain a 7,8-didemethyl-8-hydroxy-5-deazaflavin (HDF-type photolyases) and are most active around 440 nm (for a review, see reference 28).
Halobacterium halobium is an archaebacterium, according to the system of classification in which all organisms are divided into three kingdoms (32) . The photolyase of this bacterium seems to be of the HDF type (7, 15) because its in vivo action spectrum peaks at 440 nm. We cloned the photolyase gene of this bacterium in order to compare it with those of organisms in the other kingdoms. In the 3'-flanking region of the H. halobium photolyase gene, we found a superoxide dismutase (EC 1.15.1.1) (SOD) gene. We present here the complete nucleotide sequences of both genes and evidence that these two genes are cotranscribed in this bacterium.
MATERIALS AND METHODS
Enzymes and sequencing kits. Restriction enzymes and modifying enzymes were purchased from Boehringer Mannheim Biochemicals, New England BioLabs, Inc., TAKARA, and TOYOBO. The multiprime labeling kit, the 7-deaza sequencing kit, and the Taq polymerase sequencing kit were obtained from Amersham, Corp., TOYOBO, and Promega, Biotec, respectively. Preparation of total DNA and RNA. H. halobium R1M1 was cultured under standard conditions (23) . Cells were collected, washed once with basal solution (culture medium without peptone), and lysed in 10 mM EDTA containing 1% sodium dodecyl sulfate. DNA was isolated from the lysate by the standard method (4).
RNA was isolated from cells growing exponentially under vigorous aeration (A700 = 0.5) by the standard method (12) with a slight modification. Cells were collected from 5 ml culture, suspended in 30 RI of basal solution, and lysed by the addition of 360 RI of 2% sodium dodecyl sulfate and 10 RI1
of diethylpyrocarbonate (Sigma). After being incubated for 5 min at 37°C, the lysate was mixed with 250 pI of 3 M potassium acetate and centrifuged for 10 min at 4°C. The supernatant was extracted with phenol-chloroform-isoamyl alcohol and then chloroform-isoamyl alcohol. RNA was finally precipitated with ethanol and redissolved in water. Probes. For the cloning of the H. halobium photolyase gene, a 150-base-pair (bp) Sall fragment was isolated from the cloned Streptomyces griseus photolyase gene and used as a hybridization probe. For Northern (RNA) analysis, DNA probes P-151, P-phr, and P-sod were prepared (see Fig. 6A ) and labeled with [a-32P]dCTP by the multiprime labeling method.
Hybridization. Nylon filters (Hybond-N; Amersham) were used for all Southern and colony hybridization experiments.
For Northern hybridization, 10 pug of RNA was electrophoresed on a formaldehyde-agarose gel and blotted on a nitrocellulose filter (Bio-Rad Laboratories). Hybridization was carried out according to the instructions of the manufacturer.
Construction restriction enzymes were also cloned in pUC18. The DNA sequence was determined as previously described (30) . DNA and protein sequences were analyzed with the GENETYX programs.
Expression of the cloned gene in E. coli cells. The H. halobium photolyase gene was introduced into plasmid pTTQ18A derived from pTTQ18 (Amersham) by deprivation of the lacIq gene. The recombinant plasmids were introduced in E. coli CSR603 (recAl uvrA6 phr-J). The transformants were grown overnight in L broth containing 50 ,ug of ampicillin. The cell suspension was diluted 100-fold in M9 medium and irradiated with a UV lamp (254 nm) at a dose rate of 0.01 J/m2 per s. The cells were then stored in the dark or illuminated for an hour with four white fluorescent lamps (18 W each) at a distance of 18 cm through a 3-mm-thick glass plate, which served as a UV cutoff filter. Colonyforming ability was determined the next day.
RESULTS AND DISCUSSION
Cloning of the H. halobium photolyase gene. The amino acid sequences of four known photolyases (one each from E. coli, S. cerevisiae, A. nidulans, and Streptomyces griseus) are highly conserved in their C-terminal halves (17a).A DNA probe prepared from the conserved region of the cloned Streptomyces griseus photolyase gene exhibited a strong hybridization signal to H. halobium genomic DNA by Southern analysis (data not shown). An H. halobium genomic library was screened with this probe, resulting in seven positive colonies from which four independent recombinant plasmids were found by restriction analysis (Fig. 1A) . From one of these plasmids, pHS12, a 3.3-kb region (Fig. 1B) was sequenced.
G+C-rich organisms have a typical G+C bias for each position in codons, namely, a low G+C content at the second position and a very high G+C content at the third position (2) . Adapting this to H. halobium (66 to 68% G+C) (22), we found three successive open reading frames (ORFs) with 151, 540, and 200 amino acid residues (Fig. 1C) 
220 240 EcoRI and converted to a blunt end in the same way (pTHaIII). E. coli CSR603 was transformed with the plasmids and tested for PHR activity (Fig. 2) .
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Since E. coli K-12 strains exhibit two kinds of PHR and CSR603 is defective in major PHR activity (but still has minor PHR activity) (14) , a slight increase in survival rate caused by light illumination was observed in the UV-irradiated transformant harboring the vector plasmid ( Fig. 2A) . Compared with this increase, increases in survival rates of transformants harboring pTHBg or pTHaIII caused by light were clearly larger ( Fig. 2B and C) . Compared with E. coli CSR603 transformed with A. nidulans or E. coli photolyase genes (M. Takao, A. Oikawa, A. P. M. Eker, and A. Yasui, manuscript in press), both transformants showed much lower levels of PHR, which might be due to the inactivation of halobacterial photolyase under low ionic strength, as reported for peroxidase (11) and malate dehydrogenase (26) . From these results, we concluded that the cloned gene is the photolyase gene and designated it phr of H. halobium.
Sequence similarity among photolyases. The sequence alignment of five photolyases is shown in Fig. 3 . There are 64 residues identical in all five proteins, which are largely found in the region of the C-terminal half, suggesting that the region is a common functional domain, presumably the DNA-binding domain with an alpha-turn-alpha secondary structure, as we have pointed out elsewhere (17a).
An analysis of the alignment showed that H. halobium photolyase is more similar to the HDF-type photolyase than to the pterin-type photolyase. This is consistent with reports that H. halobium and other species of archaebacterium have optimum PHR around 440 nm (7, 15, 17) . Identical amino acid residues found only in HDF-type or folate-type photolyase are indicated in Fig. 3 . Some of these amino acid residues may be involved in the binding of the respective second cofactors.
ORF 151 (Fig. 4, 442 (Fig. 4, 2448 to 3050 ), codes for a protein with 200 amino acid residues (Me, 22, 076) . In the neighborhood of the putative initiation codon, there is a sequence complementary to that of 16S rRNA of H. halobium, which is often found downstream of the initiation codon (1, 5) instead of +2 to +10 in Mn-SOD (Fig. 5) . These data are consistent with reports that various halobacterial proteins contain an excess of acidic amino acids (for reviews, see references 18 and 31). The optimum salt concentrations for enzymatic activities for H. cutirubrum are around 1 M for photolyase (A. P. M. Eker, personal communication) and 2 M for SOD (21) . The higher acidity of these enzymes in Halobacterium species must have resulted from an adaptation to the extremely high salt environments they inhabit.
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Analysis of transcripts. To determine the transcriptional relationships of the three ORFs, H. halobium RNA was analyzed by Northern hybridization with probes P-151, P-phr, and P-sod. P-151 detected two transcripts, a 2.8-kb band and a faint band of 0.5 kb (Fig. 6, lanes 1 and 4) . The latter is probably the transcript of ORF 151 alone. P-phr hybridized only to the 2.8-kb transcript (Fig. 6, lanes 2 and  4) . Hybridization with P-sod revealed the existence of two RNA species (Fig. 6, lane 3) . The major transcript is about 0.6 kb in length, which is consistent with the size of sod] and the amount of SOD. The minor transcript is found around 2.8 kb, at the same position where P-151 and P-phr hybridized. A DNA probe prepared from a region downstream of ORF 200 gave no hybridizing band (data not shown). These results indicate that the 2.8-kb RNA transcript is a message containing ORF 151, phr, and sod].
It has been reported that archaebacterial genes have a consensus promoter sequence, a TTTA(T/A)A box (35 (Fig.  4) , but no promoterlike sequence was found in the upstream region of the phr gene. These facts are consistent with the three transcripts found in the Northern analysis. The cotranscription of ORF 151, phr, and sodi raises a question about the biological significance of this cistron. UV light induces substrates for both enzymes, i.e., pyrimidine dimer and superoxide. In natural environments, UV light is always accompanied by more intense near-UV and visible light, which produces active oxygen species via photosensitization processes (25) . It is therefore reasonable that photolyase and SOD are produced simultaneously. According to our analyses, there is no similar arrangement of both genes in E. coli, S. cerevisiae, A. nidulans, and Streptomyces griseus.
We analyzed the amounts of 2.8-and 0.6-kb mRNA after various physical treatments of cells. Figure 7 depicts Halobacteria seem to have no or very low dark repair activity against UV-induced damages (10, 13). PHR, therefore, should be a very important repair pathway for UV-induced pyrimidine dimers in this organism. It is of interest to understand the expressional regulation of both genes and the reason why both genes are so closely arranged in this organism.
